Variable angle spectroscopic ellipsometry ͑VASE™͒ is used as a tool to characterize properties such as optical constant, thickness, refractive index depth profile, and pore volume fraction of single and bilayer porous low-k films. The porous films were prepared using sacrificial pore generator ͑porogen͒ approach. Two sets of porous films with open-and closed-pore geometries were measured. Three models were used for data analysis: Cauchy, Bruggeman effective medium approximation ͑BEMA͒, and graded layer. Cauchy, a well-known model for transparent films, was used to obtain thickness and optical constant, whereas BEMA was utilized to calculate the pore volume fraction from the ellipsometric data. The Cauchy or BEMA models were then modified as graded layers, resulting in a better fit and a better understanding of the porous film. The depth profile of the porous film implied a more porous layer at the substrate-film interface. We found 3%-4% more porosity at the interface compared with the bulk for both films. This work shows that VASE™, a nondestructive measurement tool, can be used to characterize single-and multigraded layer porous films quickly and effectively.
INTRODUCTION
Porous thin films are promising candidates in a variety of applications such as antireflection coatings and waveguides in optoelectronics and as intermetal dielectrics ͑IMD͒ in microelectronics. 1, 2 In ultra-large-scale integration ͑ULSI͒ devices, the International Technology Roadmap for Semiconductors ͑ITRSs͒ predicted that by year 2010, a 45 nm technology with 12 metal levels will be used. One of the requirements to achieve this technology is to find an IMD with an effective dielectric constant ͑k͒ of less than 2.1.
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Incorporating porosity in insulator layers can reduce k to desired values. 4 The pore size should be carefully controlled and should be smaller than the minimum features size to achieve mechanical stability. 5 It is also preferable to have a homogenous pore size distribution to prevent k anisotropy. Thus, characterizations of porous films are becoming crucial and increasingly difficult. Conventional measurement techniques have become unreliable because of very small pore sizes in the order of few nanometers.
Well-known methods to determine the pore size distribution, pore volume fraction, and whether it is an open-or closed-pore structure are based in different physicochemical principles. 1 The available techniques can be divided into three main categories: ͑1͒ scattering techniques-small-angle x-ray spectrometry ͑SAXS͒ and x-ray reflectivity ͑XRR͒; ͑2͒ adsorption techniques-ellipsometric porosimetry ͑EP͒; ͑3͒ positron annihilation lifetime spectroscopy ͑PALS͒. SAXS is based on diffuse scattering of x rays from heterogeneous electron density distributions. This scattering technique is normally used in combination with XRR that gives the information of total porosity. 6, 7 Adsorption porosimetry is a widely used method in characterizing pore structure. 1, 8 EP is a combination of nonintrusive ͑wave propagation͒ and intrusive ͑adsorption, gas͒ methods. The main goal of EP is to measure the optical constant of a porous material when the pores adsorp/desorp vapor with known optical constant. 1, 9, 10 PALS is based on positronium lifetime during collisions with the pore surfaces. PALS has the capability to determine the pore size distribution and to distinguish pore structure ͑open or closed͒. 11 The techniques summarized above may be time consuming, requiring difficult sample preparation, and may render the sample unusable after measurements.
In this paper, we report variable angle spectroscopic ellipsometry ͑VASE™, J.A. Wollam, Inc.͒ as a tool to investigate properties of porous films such as pore volume fraction and refractive index depth profile in addition to thickness and refractive index usually obtained by ellipsometry. The refractive index profile is suggestive of the distribution of pores in the films. Spectroscopy ellipsometry also provides an accurate measurement of ellipsometric data which are required for adequate characterization of unknown sample. 12, 13 With an accurate modeling, we can determine the percentage porosity at the interface and bulk porous. We can also distinguish either a porous sample has a graded or nongraded refractive index throughout sample thickness.
Spectroscopic ellipsometry is a quick, noncontact, and nondestructive optical technique for thin film characterization based on the polarization change occurring when light interacts with materials. 12, 13 Spectroscopic ellipsometry measures ⌿ and ⌬ values as a function of wavelength and incident angle.
14 These numbers are related to the complex Fresnel coefficient for p and s polarized light.
where R p and R s are the total reflection coefficients for a plane wave polarized light parallel ͑p͒ and perpendicular ͑s͒ to the plane of incidence, respectively. 15, 16 The mathematical expressions of R p and R s are derived from Maxwell's equations for electromagnetic radiation applied to the boundary between dissimilar materials related to the Fresnel reflection coefficient and layer thickness, hence, interrelated with optical constant of materials. [17] [18] [19] Ellipsometry does not directly measure the above properties such as refractive index or pore volume fraction but it measures ⌿ and ⌬. To extract these parameters, it is necessary to perform a model dependent analysis of the measured ⌿ and ⌬. 20 After data are acquired over the desired spectral range at different incident angles, models for the optical structure of the substrate and sample are constructed. Then, the Fresnel equations based on the model are used to predict the expected ⌿ and ⌬ values. The measured ⌿ and ⌬ values are compared with the predicted values. The ⌿ and ⌬ are functions of optical constant and thickness which can also be the adjustable model parameters. The analysis procedure is called data fitting, because the model parameters are varied to find the best fit between generated and measured data. The most common fit parameters are optical constant and thicknesses. The fitting algorithm used in VASE™ is the Marquardt-Levenberg algorithm. The root mean square error ͑MSE͒ is used to quantify the difference between the experimental and predicted data. This paper will show analysis of two types of porous film, i.e., those with open-pore and closed-pore geometries, respectively. The open-pore film has a low density, a low refractive index of 1.12, and has a low mechanical strength that may not be practical for use as a dielectric in ULSI devices. However, the closed-pore film has a higher density and higher mechanical strength. We will also analyze porous films that are graded ͑refractive index varies with across the film thickness͒ with a single or bilayer structure, nongraded single layer and also porous film treated with oxygen plasma to damage the film surface. Although some films here cannot survive chemical mechanical polishing in ULSI processing, the analysis of these films shows the benefits of using a VASE™ method for porous films used not only in microelectronic applications but others as well.
EXPERIMENT
Single and bilayer porous samples were used for VASE™ measurements. A sacrificial-porogen technique based on the selective removal of the organic macromolecular porogen from phase-separated mixtures of organic/ inorganic nanohybrids used in this experiment was prepared and supplied by International Business Machines Corp. ͑IBM™͒ Almaden Research Center. 21 Two sets of these porous films with open-or closed-pore geometries were used. These films were fabricated by mixing appropriate ratios of porogen and matrix precursor; 25% by weight porogen loading for closed pore and 55% by weight porogen loading for open pore, respectively. The sacrificial porogen is of linear poly͑propylene͒glycol ͑PPG͒ with molecular weight MW = 20 000 g / mol, and the matrix precursor is of poly͑methyl silsesquioxane͒ ͑PMSSQ͒. The solvent used for both PPG and PMSSQ solutions was propylene glycol methyl ether acetate ͑PGMEA͒. The mixture of PPG and PMSSQ solution was spun on silicon substrates and was heated briefly to 50°C for solvent removal before curing at 200°C in nitrogen to produce phase-separated structure. The samples were then annealed at 450°C in Ar for 2 h at 5°C / min ramping to remove the PPG and create porosity in the films. Further details of the sample preparation and results can be found in a previous paper. 22 Transmission electron micrographs of the samples were also taken previously to determine the pore morphology. 22 The verification of the porous structure of the above films has been described thoroughly in these previous experiments. 22 Based on these measurements, the open-pore sample has 67.1% porosity and pore size ͑2-20 Å͒, whereas the closed-pore film has 27% porosity and pore size ͑2-8 Å͒. These results will be compared to our results using spectroscopy ellipsometry. The bilayer film is generated by mixing different wt % solution of a commercially available organosilicates precursor. The top layer has 70% porogen loading and the bottom layer has 40% porogen loading. The details of bilayer sample preparation can be found elsewhere. 21 We also prepared another set of porous films by mixing 50% PPG ͑MW= 600 g / mol͒ and 50% PMSSQ. PGMEA was used as solvent for both PPG and PMSSQ solutions. We spin coated the precursor and directly baked in air for 3 min at 200°C to thermally decompose the porogen.
In order to obtain the pore volume fraction using Bruggeman effective medium approximation ͑BEMA͒, a set of dense PMSSQ optical constants are needed. This nonporous PMSSQ film was prepared by spin coating a solution without the porogen. A SiO 2 film is also prepared for comparison with the porous film. This SiO 2 was processed by wet oxidation for 40 min, 3.5 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ O 2 flow rate at a temperature of 1100°C.
We also studied porous organosilicate film treated with oxygen plasma. This is to simulate a film which has a surface property different from the bulk, which is because of O 2 plasma damage in the surface. The closed-pore sample was exposed to oxygen plasma via reactive ion etching with 20 SCCM of CF 4 and 80 SCCM of O 2 for 1 min at 200 W plasma power. 23 For ellipsometric data modeling, Cauchy, BEMA, or graded layer are used for the porous film. For the silicon substrate, we have chosen silicon optical constants obtained by Herzinger et al. which cover a broader range ͑188-6200 nm͒. 24 Similar optical constants obtained by Jellison and Aspnes, available from Palik's handbook, can also be used. 25 The choice of which depends on the wavelength range. The Cauchy dispersion relation has been used to model transparent materials, such that the refractive index n decreased with increasing wavelength. The Cauchy equation can be expressed approximately as a refractive index n as a function of wavelength , 
where n 0 , n 1 , and n 2 are known as Cauchy coefficients. n 0 is the constant that dominates n͑͒ for long wavelengths, n 1 controls the curvature of n͑͒ in the middle of the visible spectrum, and n 2 influences n͑͒ to a greater extent in shorter wavelengths. The parameters, n 0 , n 1 , and n 2 , and the thickness of the film were used to calculate ⌿ and ⌬ values. Refractive index and thickness were used to calculate the Fresnel reflection coefficients and the total reflection coefficient which were related to the measured ⌿ and ⌬ values. The calculated ⌿ and ⌬ values were compared to measured ⌿ and ⌬ values. BEMA is a model that is based on the intermixed composites made up of uniform cells, which all together fit the space completely. 26 The BEMA layer provides a method to combine two sets of optical constants together and the percentage of the mixture. The optical constants used for the porous film studied here are dense PMSSQ ͑n PMSSQ = 1.39͒ and air ͑n air = 1.0͒. The Bruggeman expression is given as
where is the effective dielectric function of the composite material. a and b are the dielectric functions of phases a and b in their pure forms. f ͑a or b͒ = n ͑a or b͒ / ͑n a + n b ͒ is the volume fractions of the materials a and b. The optical constants can be presented both in the form of complex refractive index ͑N = ͱ = n + ik͒ and complex dielectric form ͑
The graded model works by creating a series of thin homogenous layers with optical constants that slightly change in each layer from the sample surface to the substrate-sample interface.
As stated in the introduction, spectroscopic ellipsometry is a model dependent technique which compares the measured ⌿ and ⌬ data as a function of wavelength with the calculated model data. The model parameters ͑optical constants and sample thickness͒ can be varied such that the calculated data will closely match with the measured data. The merit functions that are used to judge the quality of the match between the measured and the calculated data are known as maximum likelihood estimators. The following maximum likelihood estimators or MSE are used to fit the model parameters:
where N is the number of ⌿ and ⌬ data points, M is the number of variable parameters in the model, and is the standard deviation of the ith data point. This merit function will exhibit a minimum value of zero when the calculated model matches the measured experimental data perfectly, but in practice, the model is unable to match the experimental data perfectly. 20 Details and source code for implementing LevenbergMarquardt algorithm is described elsewhere. 28 The important element of the fitting procedure is the curvature matrix given as
The curvature matrix is related to the covariance matrix such that C = ͓␣͔ −1 . Once the final fit parameters have been determined, the standard 90% confidence limit ͑SCL͒ and the figure of merit ͑FOM͒ are used to describe the confidence in the ith fit parameter given as
WVASE32®, which is an ellipsometry analysis software, generates the confidence limit FOM value after each fitting procedure. This FOM value is also known as error bar. The error bars obtained from this work are ±0.1 for thickness, ±5 ϫ 10 −5 for refractive index, and ±1 ϫ 10 −2 for porosity. Ellipsometric measurements on porous PMSSQ film were taken at 65°and 75°incident angles at 500-1000 nm with 1 nm step interval ͑with adjustable autoretarder element͒. The primary difference between measurements with and without autoretarder element is that the ellipsometer will measure ⌬ between 0°-360°and 0°-180°, respectively.
12,14
The main advantage of not using autoretarder element is that it provides quick measurement, especially for a well-known sample, however, it will lose accuracy at or near 0°or 180°. Thus, using the autoretarder element provides data sensitivity over the entire 0°-360°and reduce the MSE. This is important because very accurate measurements of ⌬ are required for adequate characterization of unknown samples.
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RESULTS AND DISCUSSION
The nonporous PMSSQ and SiO 2 were analyzed first as a reference for the porous films. The Cauchy model which worked well for transparent films was used for PMSSQ films. Since PMSSQ has a O-Si-O backbone based on its empirical formula of ͓CH 3 -SiO 3/2 ͔ n , the film may be transparent at the above wavelengths and Cauchy model may work. Figures 1͑a͒ and 1͑b͒ show that the generated ⌿ and ⌬ spectra for PMSSQ are nearly indistinguishable from the experimental data. Thus, the Cauchy model works well with PMSSQ films. Excellent agreement between the experimental and generated data ͑not shown here͒ for SiO 2 film were also found. The conversion of Cauchy to the graded Cauchy model did not change the ⌿ and ⌬ fit spectra. This indicates that the nonporous PMSSQ and SiO 2 samples have the same refractive index across the film ͑i.e., nongraded͒ and thus have uniform density. Figures 2͑a͒ and 2͑b͒ show the measured and generated ⌿ and ⌬ spectra for the porous PMSSQ film with open-pore structure. The Cauchy model also works well for the porous PMSSQ films. The spectra for closed-pore film were similar to open-pore film, hence, will not be shown. We obtained film thickness of 637 nm, refractive index of 1.13, and a relatively low MSE of 3.1.
For the supposedly open-pore structure, the Cauchy model gives 637 nm with a low refractive index of 1.13 ͑Table II͒, implying a lower density PMSSQ and confirming the porous nature of the film ͑nonporous PMSSQ has refractive index of 1.38͒. To calculate the porosity of the film, the BEMA model was used. Two sets of optical constants are used in BEMA calculation: ͑i͒ dense PMSSQ matrix and ͑ii͒ air. The BEMA model gave a similar ⌿ and ⌬ behavior spectra with Cauchy model and is not shown here. This model gave 63.3% porosity with MSE value of 3.0 and thickness of 637 nm-values are similar with those of the Cauchy model. This pore volume fraction obtained from ellipsometer analysis is lower by 3% than previously obtained. 23 Surface roughness simulation was added on the above models, but it did not improve the fit and MSE. This also means that the porous film surface is relatively smooth ͑Ͻ1 nm roughness͒. The Cauchy and BEMA model are then modified to graded layers in order to study the behavior of porous sample. The graded layer model is created by subdividing 100 thin homogenous film layers. At each layer, the optical constant will slightly change. The depth profile is analyzed at 633 nm wavelength. Modifying both Cauchy and BEMA models to graded models has improved the fit by 50% ͑i.e., MSE decreased from 3.1 to 1.5͒. towards the bulk of the film and became almost constant up to the surface ͑1.137͒. Thus, the bulk film may not have the same porosity compared with the thin interface layer based on Fig. 3 . The material was then modeled as two BEMA layers to find the porosity and thickness values of the thin layer at the interface and bulk, respectively. During the fitting process, the percent porosity and the thickness of the two BEMA layers are left to vary or float. The result from Table II shows that the interface layer is 43 nm with a porosity of 66.5%, whereas the bulk has 3% less porosity ͑63.5%͒. The MSE value for this modeling is 1.5, which is equivalent with graded BEMA ͑1.5͒. We have also graded the two BEMA layers with the goal of lowering the MSE and have a more specific description of the film. Figure 3 shows the depth profile for open-pore structures film using two independent graded BEMA layers. The porosity at the siliconfilm interface is 67.5% and 63.5% porosity at the bulk-a difference of 4%. The interface layer thickness was 40.2 nm while the bulk was 598 nm. The MSE for this modeling ͑1.5͒
is the same with the graded BEMA and two BEMA layer models. Since all three models gave the same MSE, either one can be used to physically describe the film. One common conclusion that can be derived in all three models is that the interface is 3%-4% more porous than the bulk. 30 The maximum thickness of this interface layer is 43 nm.
For the closed-pore film, similar analysis was performed as the open-pore film. The thickness of the film was 440 nm with a refractive index of 1.275 and MSE of 4.3 ͑Table II͒. The BEMA layer gives a porosity of 28.6% and similar thickness, refractive index, and MSE. This pore volume fraction obtained is higher by 2% from previous measurements. 23 The generated and experimental ⌿ and ⌬ fit spectra show a similar characteristics with the open-pore films. We then converted the models into graded layers. Figure 4 shows the grading profile for closed-pore sample and shows the same behavior as the open-pore film. The interface has a lower refractive index and it gradually increases towards the surface of the films. The resulting MSE of the graded layers was 2.4, a 50% improvement of the fits. The film was also modeled as two BEMA layers, but the MSE fit improvement is similar with graded model ͑2.2͒. The bottom layer ͑72.9 nm͒ shows a porosity of 32.2% and the bulk is 28.5%. Both BEMA layers were also graded but the MSE fit remained unchanged. Figure 4 also shows depth profile for closed-pore structure using both graded BEMA layers. The bottom layer shows a thickness of 70.4 nm and a porosity of 32.7% while the bulk has a porosity of 28.4%. Following the same arguments as the open-pore films, either the graded BEMA or Cauchy, two BEMA, and two graded BEMA models could be used to describe the closed-pore films because of similarity of MSE. However, it is clear that the substrate-film interface of the porous samples is 4% more porous than the bulk with a maximum thickness of 73 nm. Spectroscopic ellipsometry could not distinguish between open or closedpore samples. The wavelength of the incident light ͑197-2000 nm͒ is far too broad to be affected with the pore sizes of the samples ͑2-8 Å͒. 22 All of the models used have given almost the same total thickness.
Not all porous films are graded as we will be shown next. For directly baked porous sample ͑PPG MW = 600 g / mol͒, we obtained an excellent agreement between generated and experimental data by using Cauchy and 4 . Depth profiles at 633 nm wavelength for ͑1͒ closed-pore films using single BEMA with grading ͑MSE= 2.2͒, two BEMA layers with grading ͑MSE= 2.2͒, and ͑2͒ single porous film using single BEMA grading ͑MSE = 1.0͒.
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BEMA model ͑MSE= 1͒. We then converted Cauchy and BEMA models to graded layers giving the same fit as nongraded fits ͑MSE= 1͒. This suggested that the directly baked porous sample has a uniform refractive index throughout the sample and not graded. For the bilayer porous samples, similar technique is performed in the analysis. The bilayer sample is first modeled as a single Cauchy layer and BEMA layer. As expected, the experimental and generated data do not fit very well given an MSE of 77 ͓see Figs. 5͑a͒ and 5͑b͔͒. The single layer model modified to graded model does not improved the fit very well ͑MSE= 29͒. The model is then modified to two independent Cauchy layers and BEMA layers, improving the experimental and generated spectra significantly reducing the MSE fit to 3.5 ͓see Figs. 5͑c͒ and 5͑d͔͒. The ellipsometer results for bilayer sample are compared with Filmetric-F20 thin film measurement system. This technique is based on light reflectance. For the top film, our measurements show 199 nm thickness with a 1.197 refractive index, and for bottom film, 884.7 nm with 1.263 refractive index. This results agree with Filmetric measurement ͑top film: thickness= 228 nm, n = 1.21; bottom film: thickness= 948 nm, n = 1.27͒. The porosities of the bilayer film obtained from two BEMA models ͑MSE= 3.5͒ were 48.1% for the top film and 31.8% for the bottom film. Figure 6 shows the depth profile of the graded bilayer films at 633 nm wavelength using two BEMA layers. The bilayer model is also modified to graded layer giving MSE of 3.1 ͑top film: thickness= 197.4 nm, n = 1.195, percent porosity= 48.6%; bottom film: thickness= 886.2 nm, n = 1.262, percent porosity= 31.8%͒. The profile shows two distinct thicknesses and refractive index.
In the following discussion, we will show that a porous film can eventually be graded depending on different treatments the film undergoes. The closed-pore ͑OS7525͒ sample underwent Supercritical CO 2 ͑SCCO 2 ͒/cosolvent process to remove the porogen, thus, making the film porous. The details of SCCO 2 Si -CH 3 ͑s͒ + 4O͑g͒ → Si -OH͑s͒ + H 2 O͑g͒ + CO 2 ͑g͒.
͑8͒
The OH-substituted endgroup is very favorable to attract moisture which in effect would increase the refractive index in time. 24, 31 Since treatment is at the surface of the film, CH groups would be reacted more at the topmost and closer regions where O diffusion accessibility is high. Consequently, O 2 plasma damage ͑by OH substitution͒ is expected to be higher at the topmost layer of the film and decreases with respect to film depth, thus, a graded film is created.
For O 2 plasma-ashed sample, we found that modeling it as a single layer gave a poor fit with MSE of 25. The model FIG. 5 . Generated and experimental ͑a͒ and ͑b͒ using single BEMA model ͑MSE= 77͒ and ͑c͒ and ͑d͒ using double BEMA model ͑MSE= 3.5͒.
FIG. 6 . Depth profile at 633 nm wavelength for bilayer porous film with different porogen loading.
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is then modified to graded layer which improved the fit significantly with MSE of 4. We have also tried modeling the sample as bilayer and graded bilayer, but it gave a poor fit with MSE of 30 and 20, respectively. Figure 7 shows depth profile for O 2 plasma-ashed film. We observed that this sample was indeed graded with a large variation in refractive index. We found that plasma damage occurs not only at the surface but into 3 / 4 of the film thickness. The top surface of the ashed sample has higher refractive index, indicating the presence of Si-OH bands. The above discussion shows the versatility of spectroscopic ellipsometry. Since the interlayer dielectric ͑ILD͒ films are exposed to O 2 plasma and solvent cleaning to remove organic residual photoresist, it is important to understand the behavior of porous sample after the treatment. This ellipsometric analysis is crucial because it shows that oxygen plasma destroyed the film which may create a reliability problem.
CONCLUSION
Variable angle spectroscopic ellipsometer ͑VASE™͒ provides a practical means to characterize porous low-k films. Spectroscopic ellipsometry cannot distinguish between open pores and closed pores, yet this method is a quick and effective tool to obtain refractive index depth profile, pore volume fraction aside from thickness and refractive index of single, and multilayer porous films. It is also a nondestructive measurement tool. For example, our VASE analysis has also shown that the interface of our porous film have higher porosity as compared with the bulk. In microelectronics industry, it is crucial to know the porosity distribution as a strategy to understand the behavior of porous sample. Increasing porosity drives the refractive index down, but degrades the mechanical stability and chemical properties of sample. Thus, detailed ellipsometer analysis for porous thin film will help with the next step of fabrication such as improving mechanical strength and pore sealing. In summary, VASE™ is capable to analyze a porous sample leading to a better understanding of its physical properties.
